
JOURNAL OF AIRCRAFT

Vol. 38, No. 4, July–August 2001

Multidisciplinary Design of Vehicle Structures with Improved
Roll Maneuverability—Transonic Regime

S. Aryasomayajula,¤ H. Wang,¤ and R. Grandhi†

Wright State University, Dayton, Ohio 45435
and

F. Eastep‡

University of Dayton, Dayton, Ohio 45469

The objective of this research is the preliminary design of aircraft structures for improved steady-state roll
performance in the transonic regime. The control surface effectiveness (a parameter that indicates the relative
rolling power produced by an aileron of a � exible aircraft with respect to the rigid aircraft) is employed for
quantifyingthe roll performance. Control surface effectiveness is evaluatedby iteratively solvingthe antisymmetric
trim equationon roll rate. Each iteration of the trim equationnecessitates the computationof nonlinearairloads.To
make the multidisciplinary design optimization computationallypractical, the transonic small disturbance (TSD)
theory is used for the aerodynamic analysis. Transonic loads including shock effects are captured by employing
the TSD theory for which the CAP–TSD program is used. For design optimization, a nongradient-based method
is adopted. Control surface effectiveness variation with respect to the statistically signi� cant structural variables
(skins, spars, ribs, and posts) is approximated using the response surface method. Multidisciplinary optimization
for minimum weight, with control effectiveness, stress, displacement, and frequency constraints, is performed.

Introduction

M ULTIDISCIPLINARY designof aircraft structuressubjected
to various performance criteria such as lift, rolling moment,

stresses, frequency, and displacement in the subsonic and super-
sonic regime is a common practice with the availability of tools
such as ASTROS1 and MSC/NASTRAN.2 The major simplifying
issuemakingmultidisciplinarydesignoptimization(MDO)possible
is the validityof linear assumptionsof the aerodynamicsinvolvedin
the subsonic and supersonic region. However, its extension into the
transonic region is not straightforwardbecause shock waves signif-
icantly effect the � ow� eld, thus making the aerodynamics nonlin-
ear. In such cases, the linear aerodynamic loads are replaced with
maneuver loads calculated from databases of loads obtained from
wind-tunnel testing or from computational � uid dynamics (CFD)
analyses. Until recently, little effort has been expended to include
nonlinear aerodynamic loads in the preliminary structural design
environmentdue to the large computationalcost associatedwith the
solutionof nonlinearequations.However,with the advances in non-
linear aerodynamic � ow solvers and computer hardware, nonlinear
airloads can now be calculated at a reasonable computational cost,
provided ef� cient solution procedures are employed. Furthermore,
to aggravate the computational cost, many such costly analyses are
required during design.Hence, ef� cient design proceduresare to be
adopted to make the solution computationallypractical for prelimi-
nary design.The focusof this researchis to developa suitabledesign
procedure along with selecting an ef� cient nonlinear aerodynamic
analysis for performing MDO of aircraft structures.

Aeroelasticanalysisof � exibleaircraftin the transonicregime is a
relatively recent endeavor.In 1990, Bharadvaj3 predicted the steady
and unsteady transonic airloads due to control surface de� ection.
The transonic small disturbance (TSD) theory was employed, and
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aircraft � exibility was not taken into account.Recently, a study was
undertaken by Anderson et al.4 that examined the aeroelastic ef-
fects due to control surface de� ections in transonic � ow including
� exibility effects. The TSD theory was employed for the prediction
of pressure distributions and static aeroelastic phenomena. Rolling
moments and reversalpoints were examinedfor varyingMach num-
bers. It was discoveredthat the inclusionof nonlinearaerodynamics
signi� cantlyaffectedpressuredistributionsandstaticaeroelasticbe-
havior. This fact is supported in this research, where it is found that
linear aerodynamics in the transonic regime predicts nonconserva-
tively high rolling ef� ciencies.

As a precursorto designoptimization,many algorithmsneed ana-
lytical gradientsof performancemeasures for computing the search
directions.Kapania et al.5 calculatedsensitivitiesof � utter response
with con� gurationalparameterssuchas aspectratio,wingarea, taper
ratio,and sweep. In that study,aerodynamicloadsare modeledusing
state-space representation, and aerodynamic forces and moments
are approximated using closed-form indicial response functions.
Kolonay et al.6 developed sensitivities for � utter performance with
respect to structural sizing variables using TSD aerodynamics. In
structural optimization with aerodynamic loads provided by CFD
schemes,an interestingapproachis proposedby Raveh and Karpel.7

In that approach, several aeroelastic trim corrections and optimiza-
tion runs are performedduring the process of � ow� eld convergence
(CFD iterationsareprematurelystopped), such that theaerodynamic
loads and structural design are converged simultaneously.

In structural optimization, when sensitivity information is not
available and the function evaluation is computationallyexpensive,
using the responsesurface method for approximatingthe dependent
variable as a function of independent variables is a popular choice.
Careful application of the response surface method by judicious
selection of design points, independent variables, and ranges of in-
dependent variables leads to a reasonably accurate approximation.
In this research, a nongradient-basedapproach involving response
surface approximations is adopted. The transonic design features
along with the computational cost issues involved are discussed in
the next section.

Design and Computational Issues Involved
Ef� cient and accurate prediction of nonlinear airloads is neces-

sary for designing the aircraft in the transonic regime. The � ow
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in the transonic regime is a mixture of subsonic and supersonic
� ow with embedded shocks.The governingtransonicaerodynamics
equations are highly nonlinear and are computationally expensive
to solve. The aerodynamic nonlinearities have a signi� cant impact
on the aeroelastic quantities and on the design and, thus, have to
be taken into account. Full � edged Euler or Navier–Stokes solution
methods can not be used in preliminarydesign due to the enormous
cost involved. If viscous effects are also taken into account in the
aerodynamicequations,thecomputationcost is stillmore expensive.
However, accordingto a study by Andersen et al.,8 it was found that
the inclusion of viscous effects reduces the magnitudes of the aero-
dynamic loads and, hence, the elimination of viscosity effects leads
to a more conservative design without expensive viscous analysis
in the preliminary design.

Coupledstructuraland aerodynamicequationsare solved to com-
pute lift or rolling moment by steady aeroelastic analysis. In the
transonic regime, where aerodynamics is nonlinear, the solution for
coupled equations becomes a complex process. Furthermore, with
the structural model consisting of thousands of degrees of free-
dom, the structural equations take signi� cant computational time if
suitable modal reduction methods are not employed. The iterative
solutionof coupledaerodynamicand structuralequationsis referred
to as CAP–TSD static aeroelastic analysis in this paper.

For the roll maneuverabilitycomputation, the antisymmetrictrim
equation is solved. This is done by employing an iterative method
that requires the stability derivative information at each iteration.
These stability derivatives are calculated using the � nite difference
method, which demands the CAP–TSD static aeroelastic analysis
be repeated twice for each iteration. (This is the most computation-
ally expensive loop of the analysis.) The trim analysis that includes
CAP–TSD static aeroelastic analyses is referred to as CAP–TSD
trim analysis in Fig. 1.

If an angle of attack is present along with the control surface de-
� ection, the nonlinearities in the governing transonic aerodynamic

Fig. 1 Effectiveness ²cs computation and nongradient-based opti-
mization.

equationsare greatly ampli� ed. Unlike linear aerodynamics,the in-
dividualeffectsdue to controlsurfacede� ection,angleof attack,and
roll rate cannot be superimposed.Thus, all of the con� gurationalef-
fects have to be taken into account simultaneously, which induces
high nonlinearities. A limitation of the TSD theory is that it is no
longer valid if high nonlinearities(such as those imposed during ex-
treme � ight conditions) are present. In this research,angle-of-attack
effects have not been included.

The design of the aircraft wing involves both con� gurational de-
sign (such as deciding the number of spars, the number of ribs,
the sweep angle, and the aspect ratio) as well as structural sizing
(such as deciding the thickness of skins, spars, ribs, and the cross-
sectional areas of posts). Con� gurational design and structural siz-
ing are done independently with structural sizing designed for the
optimum con� guration. To perform con� guration design using op-
timization techniques, sensitivities of response quantities such as
stress, displacement, frequency, lift, rolling moment, and drag are
needed with respect to con� gurational parameters. This informa-
tion is dif� cult to determine; therefore, nongradient-basedmethods
such as the response surface method could be used. Li et al.9 inves-
tigated the response surface based con� guration design procedure.
However, in the present paper, only structural sizing is considered.
For structural sizing as well, the sensitivities of static aeroelastic
response quantities with respect to structural thickness is dif� cult
to compute due to iteratively solved coupled structural and aerody-
namic equations.

Typically, for structural sizing, the number of design variables is
large (in hundreds) becauseeach element’s dimensionscouldpoten-
tially be a design variable. However, for the purposes of manufac-
turability and symmetry, and for making the optimization problem
tractable, the physical variables could be linked to a few global or
linked variables. A major disadvantage of nongradient methods is
that the number of analyses needed at different design points in the
design space increases exponentiallyas the number of design vari-
ables increase.Becauseeachanalysesis expensivein itself,notmany
analyses could be performed because it would generally outweigh
the computer resources available. Methods to reduce the number of
design variablesand the numberof experimentsneededmust, there-
fore, be investigated.Finally, the design is in the preliminarydesign
environment where a number of alternative designs must be evalu-
ated, and suitable modi� cations (such as changing the location and
size of control surfaces) have to be incorporated. Therefore, it de-
mands a less expensive design procedurebecause the whole design
process has to be repeated for several structures.

Design Methodology
The design for roll maneuverabilityinvolvescomputationof con-

trol surface effectiveness for different structural dimensions. The
control surface effectiveness calculation requires solution of non-
linear antisymmetric trim equation, which in turn requires stability
derivatives (rolling moment with respect to control surface de� ec-
tion and rolling moment with respect to roll rate). Calculation of
rolling moment is necessary for obtaining the stability derivatives,
and this is done by iteratively solving the coupled structural and
nonlinear aerodynamic equations for a converged steady � ow so-
lution. The aerodynamic and static aeroelastic analysis procedures
involved are described next.

Aerodynamic Analysis

The governing nonlinear transonic aerodynamic equations must
be solved for capturing sonic shocks. Although use of CFD tech-
niques to solve the full-� edged Euler/Navier–Stokes (ENS) equa-
tions has the advantage of accuracy and applicability for high non-
linearities, it is accompanied by many challenges. The main issue
is the high computational cost associated with it. This dif� culty is
ampli� ed in the structural design process where the airloads must
be evaluatedseveral times during the design process.The evaluation
of stability derivatives using the � nite difference method and iter-
ative solution procedure for nonlinear antisymmetric trim analyses
requires a number of ENS simulations,which is not practical in the
preliminarydesignstage.Furthermore,the CFD–ENS schemeshave
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to be integratedwith structuralanalysisproceduresfor including the
� exibility effects.

The aerodynamicequationsare simpli� ed using theTSD assump-
tions. Although TSD assumptions result in one of the simplest non-
linear equations for aerodynamics, it is capable of determining the
strength and location of weak shocks. Moreover, because of its ef-
� ciency and relatively less computational cost compared to ENS
solutions, it is considered appropriate for preliminary design envi-
ronment.The virtueof the TSD theory is obtainingthe orderof mag-
nitude of aerodynamic pressures. The TSD solver, as implemented
in CAP–TSD,10 is consideredto be one of the fastest algorithmsand
has ful� lled the accuracy requirements11 for preliminary design. It
uses the ef� cient approximate factorization algorithm that consists
of a Newton linearization procedure coupled with the internal it-
eration technique.12 CAP–TSD also takes into account � exibility
effects by solving coupled structural and aerodynamic equations.
Additionally, it uses a modal approach where the whole structure
with thousandsof degrees of freedom deformation is approximated
by the � rst few structural modes. Although CAP–TSD was devel-
oped to solve a dynamic aeroelastic � utter problem, it can be tai-
lored to solve a static aeroelasticproblem by using a high structural
damping and taking the converged solution.

In theTSD theory,the � ow is assumedto be governedby a general
frequency modi� ed TSD potential equation, which is written in
conservation law form as

@ f0

@t
C @ f1

@x
C @ f2

@y
C @ f3

@z
D 0 (1)

where

f0 D ¡AÁt ¡ BÁx (2)

f1 D EÁx C FÁ2
x C GÁ2

y (3)

f2 D Áy C HÁx Áy (4)

f3 D Áz (5)

The coef� cients A, B, and E are de� ned as

A D M2
1; B D 2M2

1; E D 1 ¡ M2
1 (6)

where M1 is the far-� eld Mach number and Á is the velocity po-
tential.

F; G, and H , are speci� ed dependingon the assumptionsused in
deriving the TSD equation. For nonlinear analyses, the coef� cients
are

F D ¡ 1
2 .° C 1/M2

1; G D ¡ 1
2 .° ¡ 3/M 2

1

H D ¡.° ¡ 1/M 2
1 (7)

and for linear analyses,

F D 0; G D 0; H D 0 (8)

In theprecedingequations,° is the ratioof speci� c heats (1.4 forair).
For steady � ow calculations, after Newton linearization, internal
iterationsare not used because time accuracy is not necessary when
marching to steady state. The solution of the TSD equation is the
convergedsteady-statevelocitypotentials,fromwhich aerodynamic
pressures are calculated.From the aerodynamic pressures, total lift
and rolling moment are calculated.

Static Aeroelastic Analysis

The static aeroelastic analysis in the transonic region is quite
different from linear static analysis because of the nonlinearity of
the aerodynamic loads. The solution of coupled static aeroelastic
equations and aerodynamic equations is an iterative process. Addi-
tionally, the trim analysis is also a nonlinear iterativeprocess due to
nonlinear aerodynamics.

The matrix equation of static aeroelastic analysis in a general
form is given by

K u D F[u; ±] (9)

where K is the structural stiffness matrix, u is the displacement
vector, and ± are the con� guration variables such as angle of attack,
control surface de� ection, pitch rate, and roll rate. F.u; ±/ is the
aerodynamicload, which is a function of the structural deformation
and rigid con� guration parameters. This is solved by the iterative
scheme

K un C 1 D F [.u/n; ±n] (10)

For solving the preceding equation, the aerodynamic loads from
the aerodynamic model must be splined to the structural model,
and the structural deformations must be splined from the structural
model to the aerodynamic model. Additionally, for the CAP–TSD
analysis, the streamwise slopes of mode shapes are also required.

Solving the coupledequationsin physicalcoordinatesis not prac-
tical due to the large number of degrees of freedom involved in the
structural and aerodynamic models. The generalized coordinates
method, where a � rst few structural modes are used to approxi-
mate the structuralde� ections, is signi� cantly more ef� cient. Using
modal coordinates,a large number of structural degreesof freedom
(in tens of thousands) can be reduced to a few (not more than 50)
resulting in signi� cant computational savings.13

Control surface effectiveness is de� ned as the � exible to rigid
ratio of the rolling moment stability derivative produced by a con-
trol surface de� ection at a given � ight condition. Control surface
effectiveness ²cs is given by

²cs D
Cm ±� exible

Cm±rigid

(11)

For a rigid aircraft, ²cs D 1; when reversal occurs, ²cs D 0. Cm±rigid
is dependent on aerodynamicplanform but is independentof struc-
tural deformations.The calculationof ²cs requiresonly one antisym-
metric trim analysis for computing Cm ±� exible

for the given structural
sizes because Cm±rigid

is constant for all structural sizes.
The nonlinear trim analysis equation that is to be satis� ed for

the computation of control surface effectiveness is given by

±0

0

Cm±
d± C

p

0

Cm p dp D 0 (12)

where Cm±
is the coef� cient of rolling moment with control surface

de� ection, ±0 is the � xed control surface de� ection, Cm p is the co-
ef� cient of rolling moment with roll rate, and p is the roll rate. Cm ±

has a units of per degree and Cm p per degree per second.
Note that in the nonlinear aerodynamics regime, both Cm ±

and
Cm p are functions of both p and ±. Finite difference (� rst-order
forward difference formula) is used to calculate both Cm ±

at ± D ±0

and Cm p during each iteration at that particular roll rate (initial roll
rate is zero). The roll rate is recursivelycomputeduntil convergence
of the trim equation by

pn D pn ¡ 1 C 1pn D ¡
Cm± n¡1

£ ±

Cm p n ¡ 1

(13)

Thus, the computation of ²cs involves an iterative solution of the
trim equation,which further involvesmultiple nonlinearTSD equa-
tion solutions to compute the stability derivatives. The � ow chart
in Fig. 1 shows the computation of ²cs along with the design of
experiments loop.

Before proceeding with the design of structure for improved ²cs ,
aerodynamic model speci� cation in CAP–TSD and integration of
structural and aerodynamic analysis need to be checked. The next
section discusses the validationprocedureused for the computation
of ²cs .
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Validation of Control Surface Effectiveness Calculation

For validating ²cs computation, linear analysis is done in the sub-
sonic region using the procedure mentioned before in CAP–TSD
and is compared against the linear-aerodynamics-based ASTROS.
An analysis in the transonic regime using CAP–TSD is not com-
parable to the ASTROS analysis due to presence of aerodynamic
nonlinearities that signi� cantly affect ²cs. A linear analysis is done
in CAP–TSD by setting the coef� cients of the TSD equation to
F D 0; G D 0; and H D 0. The trim analysis for a subsonic Mach
numbershouldconvergein one iterationbecausethe stabilityderiva-
tives remain constant at any value of con� gurational variables such
as roll rate and control surface de� ection. Similar results from both
ASTROS and CAP–TSD for ²cs validates1) the aerodynamicmodel
speci� cation in CAP–TSD, 2) the number of modes selected for
approximating the structural deformations, 3) proper data transfer
betweenASTROS and CAP–TSD, and 4) the linearCAP–TSD anal-
ysis and trim analysis used in CAP–TSD.

Instead of comparing a single value of ²cs calculated using both
programs (ASTROS and CAP–TSD), the variation of ²cs with dy-
namic pressures ranging from zero to reversal is calculated. The
reversal dynamic pressure can be found in ASTROS by perform-
ing a series of antisymmetric trim analysiswith increasingdynamic
pressures. In all of the analyses, the constant sea level density is
maintained while matching the velocity with dynamic pressure. In
this research the subsonic analysis is performed at 0.8 Mach.

Design of Experiments Methodology
Nongradient-based approximations are used to approximate the

control surface effectivenessvariation with respect to the structural
thicknesses. Design of experiments (DOE) methodology uses sta-
tistical techniques, especially regression methods, to approximate
the variation of a response quantity with respect to the indepen-
dent variables. In this context, the experiment is to determine ²cs

for particular structuralmember thicknesses.From a list of possibly
in� uential independent variables (linked design variables), signi� -
cant variables are chosen by conducting experiments at preselected
points using the fractional factorial design method.14 Once the sta-
tistically insigni� cant variables are eliminated, a suitable number
of the design points in the independent variable space for conduct-
ing the experiments are chosen. In this research, this is done using
D-optimality criteria. Finally, after the experiments are conducted,
a quadratic response surface is � tted using the least-squaresmethod
to approximate ²cs .

The detailed stages of DOE methodology are discussed in the
next three subsections.

Fractional Factorial Design

Fractional factorial design is used to select the statistically sig-
ni� cant variables. It is a two-level design, in which two levels (high
and low) are selected for each variable. As the number of indepen-
dent variables increase, for example, for k variables, the number of
experiments needed are 2k , which is a large number. Fortunately,
there tends to be decreasing importance of the interaction effects
in the polynomial as the order of the interactions increases; that is,
main effects tend to be larger than two-factor interactions, which
are in turn larger than three-factor interactions and so on. Thus, if
the experimenter can reasonably assume that certain higher-order
interactionsare negligible, then informationon the main effects and
low-order interactionsare obtainedby runningonly a fractionof the
complete factorial experiment. Depending on the number of design
variables, cost of each analysis, and accuracy required, a suitable
fractional factorial design is selected.15

After conductingCAP–TSD analysesat all of the selected points
and � nding the control surface effectiveness values, a linear � rst-
order regression model of the form

²cs D Ō
0 C

k

i D 1

Ō
i xi (14)

is � t. To decide whether a particular variable is statistically signi� -
cant or not, a null hypothesis of Ō

i D 0 is tested against Ō
i 6D 0 with

a 95% (a chosen percentage) con� dence level using the F statistic
(which is the ratio of the total regressionmean square to the residual
mean square). If the value of the calculated F statistic is larger than
the corresponding95% value, then the variable is signi� cant.

D-Optimality

After eliminating statistically insigni� cant variables and before
conducting the response surface approximation of control surface
effectiveness, the points in the design space where the experiments
need to be run are determined. The selection of design points has
a signi� cant in� uence on the accuracy and cost of computing the
response surface.

The best of the computer-generateddesigns use optimal design
theory, and the most popular optimal design is the D-optimality.
It is based on the notion that the experimental design should be
chosen from a given set of all possible design points to minimize
the variance of parameter estimates ¯ . Finding D-optimal points
involves an iterative search technique for selecting the appropriate
design points.

Response Surface Approximation

The response surface method is an approach of constructing
global approximationsto system behaviorbased on the experiments
evaluated at various points in the design space.

The second-orderresponse surface model used in this research is
of the form

´ D Ō
0 C

k

j D 1

Ō
j x j C

k

i D 1

k

j D 1

Ō
i j xi x j (15)

where ´ is the dependent function to be approximatedand x are the
independent variables.

The least-square estimates of Ō is found by minimizing the sum
of squares of the errors using the least-squaresmethod. This results
in

Ō D .X T X/¡1 X T y (16)

where y is the function value at the design points.
For k variables,the second-ordermodelhas p D .k C 1/.k C 2/=2

model terms. The number of experimental points should be at least
p C 10. The signi� cance of the overall regressionis computedusing
the F statistic, which must exceed the chosen test percentage point
by at least a factor of four for the model to be used for prediction.16

Optimization

By the approximation of ²cs , a closed-form equation is obtained
in terms of structural size variables. MDO is performed for min-
imizing weight with constraints from various disciplines such as
stress, displacement, frequency, and control surface effectiveness.
The values of stress, displacement, and frequency are obtained us-
ing � nite element analysis, and their sensitivitieswith structuralde-
sign variables are calculated analytically.ASTROS is used both for
� nite element analysis and design optimization. For optimization
ASTROS internally calls DOT.16 Approximate closed-form ²cs is
de� ned as a synthetic constraint in ASTROS. Sensitivity of control
surface effectiveness is calculated using the closed-form equation.
Comparisonof optimum design obtainedusing linear aerodynamics
in the transonic regime vs that found using nonlinear aerodynamics
is performed. The comparison is with reference to various parame-
ters such as weight, material distribution, control surface effective-
ness values, and reversal dynamic pressure. Actual ²cs and reversal
dynamic pressures are computed at the optimum design point by
performing CAP–TSD analyses.

Structural Design Example
Implementation

Because the aeroelastic equations are solved using generalized
modal coordinates,eigenvalues,eigenvectors,and generalizedmass
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are needed for the structural model. To obtain these, a modal anal-
ysis is performed in ASTROS. The number of mode shapes for
approximatingthe structuralde� ections depends on the complexity
of the structure. Splining of structural mode shapes to the aerody-
namic model is performed using the in� nite plate spline method of
ASTROS. The MAPOL sequenceof ASTROS is modi� ed to obtain
the splined modes and slopes of modes in the streamwise direc-
tion on the aerodynamicmodel. The same CAP–TSD aerodynamic
model (correspondingto thephysicalwing) is used in ASTROS also,
to obtain the splining matrices. The mode shapes on the structural
and aerodynamic models are visualized for splining errors using
MIDAS,17 a graphical interface for creating and visualizing aero-
dynamic and optimization data of ASTROS.

CAP–TSD requires mode shapes and streamwise slopes of mode
shapes on aerodynamicgrids, whereas ASTROS calculates them at
the center of aerodynamic boxes. The transformation from aerody-
namic box centers to grids is doneby extrapolatingthe mode shapes
and streamwiseslopesvalues at the trailing edge and tip chord using
a Mathematica18 program.

While deciding the aerodynamicgrids, note that the mesh should
be � ner around the control surface for capturing the hinge line pres-
sure spike. Otherwise, the mesh breaks due to discontinuities and
high pressuresat thehingeline.While usingCAP–TSD for solvinga
static aeroelastic problem, structural damping should be very high.
The value used for this purpose is 0.999. The airfoil coordinates
along with its slopes in the streamwise directionare calculatedfrom
the airfoil equations.

The iteration history for each TSD equation solution has to be
checked for proper convergence. For the same convergence toler-
ance, the number of TSD equation iterations needed increases with
the increasein dynamicpressure.For calculatingthe stabilityderiva-
tive Cm p , the � nite difference step size on roll rate used is 1.0 deg/s
and its validity is checked by using a step size of 0.1 deg/s.

Design variable linking is used for reducingthe hundredsof struc-
tural size variables to a small number (preferably below 10) so that
designof experimentsmethodscan be applied.However, shape link-
ing cannot be used because the independentvariables in shape link-
ing are mostly coef� cients of polynomialsand therebyhaveno limit
to the minimum or maximum values it can take. However, the re-
sponse surface methods need the bounds on the independent vari-
ables to � x the design space. Thus, physical linking is used taking
into accountsymmetry, manufacturingconditions,and any previous
engineering information about the variation of thicknesses. For all
of the DOE procedures, SAS,19 a statistical software, is used. Sta-
tistical model evaluation parameters are checked before using the
response surface approximation for prediction and optimization.

Intermediate Complexity Wing (ICW) Model

The intermediate complexity wing (ICW) � nite element model,
which is included as an example with ASTROS license, is used for
the improved roll maneuverabilitydesign. The structural and aero-
dynamic model is shown in Fig. 2. The structure has three spars
and eight ribs with concentrated masses throughout the structure.
This is a tapered wing with a sweep angle of 26.8 deg and an as-
pect ratio of 2.33. The wing has a root chord of 48 in., tip chord

Fig. 2 ICW structural and aerodynamic model.

Fig. 3 ICW superimposed structural and aerodynamic dimensions.

of 29.33 in., and a semispan of 90 in. The aerodynamic model is
larger than the structuralmodel with a root chord of 90 in., tip chord
of 48 in., and semispan of 108 in. Figure 3 shows the structural
and aerodynamic models superimposed. The control surface used
is an inboard trailing-edge � aperon. The � aperon has a spanwise
length of 76.8 in. and chordwise width of 17.1 in. The airfoil is
a symmetric NACA airfoil with 4% thickness. The � nite differ-
ence mesh on the physical wing has 45 chordwise divisions and
33 spanwise divisions. The total � nite differencegrid extends from
10 chordlengths(1 chordlengthD 90 in.) before the leading edge to
20 chordlengths after the leading edge in the chordwise direction
and about 3.8 chordlengths from the tip chord in the spanwise di-
rection and from 5 chordlengths up to 5 chordlengths down in the
vertical direction. The computational mesh is a 96 £ 50 £ 70 (total
336,000) grid. The sweep angle of the control surface is 15 deg.

Subsonic Analysis: 0.8 Mach

Performing the CAP–TSD and ASTROS analyses at varying dy-
namic pressures determines the roll rates and the control surface
effectiveness.The variation of roll rates with dynamic pressures is
plotted in Fig. 4. From Fig. 4, the roll rates for the ICW follow
a similar trend in both ASTROS and CAP–TSD. Furthermore, it
can be observed that the roll rates match more accurately at higher
dynamic pressures as reversal is approaching.

The differences in results are attributed to the aerodynamic pre-
diction procedures between CAP–TSD and ASTROS. Notably,
ASTROS uses panel predictiontechniques,where as the CAP–TSD
is a time-integration procedure of � nite difference differentiated
equations. One is a panel method, the other is a CFD procedure.

The emphasis of this research is the preliminary design of air ve-
hicle structures in the transonic regime using MDO and integration
of higher � delity aerodynamicanalysis instead of panel methods in
the design environment.

Transonic Analysis: 0.94 Mach

At 0.94 Mach, on studying the roll rate and ²cs variation with
dynamic pressure, it is observed that there is no signi� cant change
in the trends by changingfrom subsonic to transonicMach number,
even though there is a signi� cant change in the magnitudes. A lin-
ear analysis in ASTROS at 0.94 Mach and a nonlinear analysis in
CAP–TSD at the same 0.94 Mach are compared in Fig. 5. ASTROS
predicteda reversal dynamic pressure of 60 lbf/in.2 , whereas CAP–

TSD predicted 50 lbf/in.2 . Moreover, ASTROS always predicted
higher control surface effectiveness than CAP–TSD with a maxi-
mum difference of about 40% at 30 lbf/in.2. Thus, linear analysis
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Fig. 4 ICW roll rate variation with q at 0.8 Mach.

Fig. 5 ICW ²cs variation with q at 0.94 Mach.

Fig. 6 CAP–TSD Cp for subsonic analysis showing hinge line pressure
spike.

is on the nonconservativeside predicting higher control surface ef-
fectiveness and, consequently, higher reversal dynamic pressures
than the actual nonlinear analysis. Hence, the designs based on lin-
ear aerodynamics in the transonic regime are nonconservative.This
necessitates the incorporation of higher � delity nonlinear aerody-
namics in the preliminary design of transonic aircraft structures.

To determine whether the shock waves are captured by the
TSD theory, the aerodynamic pressures (Cp D Cpupper surface ¡
Cplower surface ) from a linear and a nonlinear analysis in CAP–TSD
are plotted in Figs. 6 and 7. From Figs. 6 and 7, the presence of
shock waves in a nonlinear analysis is clearly seen. The hinge line
pressures in the linear Cp plot is not as high of magnitude as of
shock Cp because the scale of Cp in each plot is different.The aero-
dynamicCp obtainedfroma linearCAP–TSD analysisat 0.94Mach

Fig. 7 CAP–TSD Cp for transonic analysis showing shocks and hinge
line pressure spike.

is studied, and its pro� le is found to be similar to linear subsonic
Cp except for a higher magnitude at the 0.94 Mach.

Response Surface Approximation of Control Surface Effectiveness

Because the nonlinear analysis is capturing shocks and the ²cs

calculation is reasonable, it is imperative to proceed with the opti-
mization. For the ICW model, the number of structural elements is
158(64 skin elements,23 sparelements,32 rib elements,and39post
elements). Thus, therearepotentially158 localdesignvariableswith
each element’s thickness (of skins, spars, ribs) and cross-sectional
areas (of posts) to be designed. Upon physical linking, the number
of independent variables is reduced to eight. Symmetry is used be-
tween the upper and lower skins. The whole skins are divided into
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four columns with eight elements in each column. Each column is
assigned to a single global variable, and all of the elements in a
column are assumed to have the same thickness. All of the spars’
elements are linked to two global variables depending on whether
they are nearest to the root chord or tip chord. All rib elements are
assigned to a single global variable, and all post areas are assigned
to another global variable.The eight global variablesare as follows:
thickness of skins at root chord A, thickness of skins at left of mid-
chord B, thickness of skins at right of midchord C , thickness of
skins at tip chord D, thickness of spars at root chord half E , thick-
ness of spars at tip chord half F , thickness of all rib elements G,
and areas of all post elements H .

The thicknessesare allowed to vary from a lower limit of 0:05 in.
to an upper limit of 1:0 in. Nevertheless, eight is a large number of
independent variables for response surface because it requires 273
CAP–TSD analyses(usingcentralcompositedesign), which is com-
putationally expensive.Conducting 28¡4 fractional factorial design
with 16 CAP–TSD analyseshelps in determiningwhich of the eight
variablesare statisticallysigni� cant. In the ICW case, it is found that
the four global design variables A, B, C (skin thickness toward root
chord), and E (spars near the root chord) are signi� cant. Dropping
the other four variables, the response surface is constructedby con-
ducting25 CAP–TSD analyses.The structuraldimensions for these
25 points are chosen using D-optimality criteria from a possible se-
lection of 625 points. The statistically insigni� cant variables (D, F ,
G, and H ) are � xed at their lower limit of 0:05 in. in building the
response surface. This is done to get a conservative approximation
from the response surface. The approximate quadratic equation for
control surface effectiveness is

²cs D 0:143594 C 0:700856A C 0:852593B C 0:388251C

C 0:278785E ¡ 0:419794A2 ¡ 0:005254B £ A

¡ 0:517092B2 C 0:004079C £ A ¡ 0:026992C £ B

¡ 0:238259C2 ¡ 0:043344E £ A ¡ 0:013724E £ B

C 0:013986E £ C ¡ 0:161005E 2 (17)

Design Optimization and Comparative Studies

In MDO of the aircraft wing, Eq. (17) is used to represent the
approximatecontrol surfaceeffectivenessinsteadof the exactCAP–

TSD simulations at every iteration. The Mach number is 0.94, and
the matched dynamic pressure is 9.0889 lbf/in.2 . The constraints
considered from other disciplines include fundamental frequency
(!1 ¸ 1:3 Hz), displacement at the tip of the wing (± · 8:0 in.),
and stresses in all of the elements (¾ · ¾allow ). The stress limits are
1:295 £ 105 psi in tension, compression, and shear for skins. For
spars, ribs, and posts, the stress limits are 6:7 £ 104 psi in tension,
5:7 £ 104 psi in compression, and 3:9 £ 104 psi in shear. All eight
designvariablesare used even thoughsome of themare insigni�cant
from the control effectiveness point of view because they could be
signi� cant for other disciplines.

Fig. 8 Improvement in reversal dynamic pressures between the optimized designs.

Initially optimization is done with stress, displacement, and fre-
quency constraints and without ²cs constraint.At the optimum point
(shown in Table 1, column 1), ASTROS predicted control sur-
face effectiveness of 0.84 using linear aerodynamics. This is a
displacement-driven design, and also stresses in the trailing-edge
root spar are at the limit. When ²cs constraint (as calculated by
ASTROS from linearaerodynamics) is addedand optimized(shown
in Table 1, column 2), the weight increased by 5 lb from 213:43 to
218:42 lb, and the displacement and frequency constraints are no
longer active although the stresses in the root skins and root spar
are at the limit. However, if a nonlinear CAP–TSD analysis is done
at these structural sizes, the actual ²cs is 0.6131. This is 24% less
than the linear aerodynamicspredicted value. This is a large design
violation for roll performance.

To improve the CAP–TSD nonlinear based ²cs by 15% or so, the
approximateequationof ²cs [obtainedusingnonlinearaerodynamics
Eq. (17)] is used (²cs ¸ 0:75), and optimizationis performed(shown
in Table 1, column 3), the design has a weight of 273:15 lb, which is
about 55 lb heavier than the earlier design.The actual value of ²cs as
found from CAP–TSD analysis is 0.7910(an improvementof 18%).

At the optimum designs obtained using linear and nonlinear
aerodynamics (Table 1, columns 2 and 3), a series of nonlin-
ear CAP–TSD analysis at 0.94 Mach are conducted with increas-
ing the dynamic pressure. The reversal dynamic pressures ob-
tained (Fig. 8) are 30 lbf/in.2 for the linear aerodynamics-based
design and 60 lbf/in.2 for the nonlinear-aerodynamics-based struc-
ture. The two optimum designs are two different structures with

Table 1 Comparison of optimum designs

²cs Linear aero ²cs Nonlinear aero
S C D C Fa S C D C Fa S C D C Fa

Parameter design design design

Constraints
¾ · ¾crit Trailing edge Root skin and None active

root sparb root spar
± · 8:0 in. 8.0b 7.84c 4.06c

! ¸ 1:3 Hz 1.4c 1.32c 1.604c

²cs No constraint 0.86b 0.75 on rsmb

Computed values
²cs (ASTROS) 0.84 0.86 0.92
²cs (CAP–TSD) 0.5875 0.6131 0.7910

Objective 213.43 218.42 273.15
weight, lb

Design variables
0.05–1.0 in.

Root skins 0.131 0.097 0.210
Midskins (left) 0.115 0.127 0.206
Midskins (right) 0.081 0.114 0.212
Tip skins 0.050 0.088 0.229
Root spars 0.102 0.106 0.227
Tip spars 0.050 0.075 0.237
Ribs 0.050 0.050 0.050
Posts 0.050 0.050 0.050

aStress plus displacement plus frequency. bActive. cNot active.
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Table 2 Material addition from linear
to nonlinear aerodynamics design

% Weight
Design variable increase

Root skins 11.9
Midskins (left) 9.1
Midskins (right) 9.9
Tip skins 8.7
Root spars 7.9
Tip spars 7.1
Ribs 0.0
Posts 0.0

the nonlinear-aerodynamics-based design being heavier and having
higher control surface effectiveness.

The design variables obtained from the linear aerodynamics de-
sign and nonlinear aerodynamics design are shown in Table 1.
The material distributionindicatingthe percentageof the additional
weight increase in the global variables is shown in Table 2. From
Table 2, it is can be observed that the skin elements,especially those
nearest to the wing root, have a signi� cant in� uence, whereas ribs
and posts have the least in� uence the on roll performance.

Conclusions
Designingof aircraft structures in the transonic regime for aeroe-

lastic performances requires high-� delity nonlinear aerodynamic
� ow solvers. Furthermore, to design in the preliminary design en-
vironment, ef� ciency and less computationalcost are also required.
CAP–TSD, which employs the TSD theory, is an appropriate non-
linear aerodynamic solver that satis� es the ef� ciency and accuracy
requirementsof preliminarydesign.The limitationof using the TSD
theory is that it is not applicablefor extreme � ight conditionsinvolv-
ing high nonlinearities.Using linear aerodynamics in the transonic
region is found to be nonconservativebecause they predict signi� -
cantly higher performance than the actual value obtained from non-
linear aerodynamics.

The nongradient-basedDOE methodology is found to be a good
design tool leading to improved designs.The fractional factorial de-
sign method of selecting signi� cant variables reduces signi� cantly
the number of experimentsneeded for response surface approxima-
tion. The response surface methods, if applied judiciously, leads to
adequatelyaccurate approximationsthat can be used in design opti-
mization.Roll performanceimprovementsusingDOE methodology
is a good practical choice in the case of less design variables, lack
of sensitivity information, and expensive analysis. Though DOE
method has a broad applicability for approximatingany function in
terms of design variables,the major limitation is the excessivenum-
ber of experiments needed even for a small number of design vari-
ables (above � ve). It is to overcome this limitation that sensitivity-
based methods of optimizationhave to be consideredif the function
gradient information is available.
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